Mechanical behaviour of unidirectional CFRP laminates using various stiffness PAN-based carbon fibres were investigated. Axial tensile, compressive and flexural properties and their scatters were evaluated and related to each fracture mechanism suggested from observation results. Such basic experimental approach led the cause of strength scattering to be identified, therefore, optimum material design for unidirectional CFRP laminate was proposed under each loading condition.
INTRODUCTION
Fibre reinforced plastics are heterogeneous materials which incorporate plural different constituent materials. Mechanical behaviour of these materials are quite complex and unascertained compared to that of each constituent material. Moreover, the total behaviour is significantly affected by fibre/matrix interfacial properly. Therefore, fracture mechanisms of fibre reinforced plastics are generally unrevealed and scatters of their strengths tend to be larger compared to conventional homogeneous metallic materials. In order to extend the application field of fibre reinforced plastics, the reliability of these materials should be improved with accurate knowledge concerning to fracture mechanism of these materials.
Maekawa et al. [1] examined influences of moulding conditions on strength scattering for glass fibre reinforced plastics. Beaumont et al. [2, 3] attempted to demonstrate the scatter of strength by considering fracture mechanism of these materials. Several researchers [4] [5] [6] investigated carbon fibre reinforced plastics (CFRP) for similar purpose, however, they were just focused on strength distribution or material design allowables. More detailed approach to the source of the strength scattering for CFRP is demanded because these materials are currently expected to be applied on structural parts.
Maekawa et al. [7] have already studied tensile behaviour of CFRP laminates using a great number of specimens and established data base of tensile properties for these materials. They examined the scatter of tensile strength by using the data base, and identified the cause of the strength scattering. Such an approach led to detailed understanding of fracture mechanisms under tensile loading, further to guideline of material design for CFRP.
In this paper, similar experimental approaches were extended to the fracture mechanisms and the cause of strength scattering for unidirectional CFRP laminates under axial tensile, compressive and flexural load. A lot of specimens were used for evaluation of Vol. 5, Nos. [3] [4] 1996 
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Behaviors of Unidirectional Carbon/Epoxy Laminates the strength scatters. In order to identify the fracture mechanism and the cause of strength scattering, four kinds of CFRP laminates with different reinforcing fibres were investigated. Therefore, the influences of reinforcing fibre and interfacial properties on the fracture mechanisms and reliability of CFRP laminates were made clear.
EXPERIMENTAL METHODS

2.Ϊ Materials
T700S, M40J, M50J and M60J PAN-based carbon fibres (TORAYCA, Torav Co., Ltd.) were used as reinforcements for unidirectional CFRP laminates. Each fibre was previously surface treated and sized in a same method. Mechanical properties of each fibre were presented in Table 1 . The tensile modulus increased in the order of T700S, M40J, M50J and M60J. In contrary, tensile strength and strain-to-failure decreased in the same order.
Compressive strengths indicated in Table 1 were measured according to testing procedure of tensile recoil method described by Allen [8] , As clearly shown in Fig. 1 , compressive and tensile strength of these carbon fibres were almost in proportion to each other. Four kinds of unidirectional CFRP prepreg sheets using the above reinforcements and an epoxy resin were obtained from the manufacturer, and fabricated into laminates by compression moulding machine as received. The same 120 degree centigrade cure type benchmark epoxy resin was used for each prepreg sheet as matrix, therefore, just reinforcing property was varied among these prepregs. 
Axial Tensile Test
Axial tensile specimen shown in Fig.2 was cut from each laminate with 8plies. The geometry was based on the recommendation of ASTM D3039 [9] , In the case of axial tensile specimen, tabs were put on it to suppress the influence of stress concentration in the clamp parts. A strain gauge was put on the centre of the specimen to measure the strain during the axial tensile test. Axial tensile tests were conducted using an INSTRON 
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Axial Compressive Test
Axial compressive specimen shown in Fig.3 was cut from each laminate. The geometry was based on the recommendation of ASTM D3410 [10] . Tabs were attached to both ends. Strain gauges were put on either side of the specimen to measure the compressive strain during the test and check the specimen buckling. Each axial compressive specimen was put into a Celanese compression fixture (Celanese Co.) and axially compressed at a crosshead speed of 0.50mm/min. Load and strain data were collected by means of the computer system as well as axial tensile test. Compressive strength, modulus and strain-to-failure were evaluated. 
Bending Test
3-point bending specimens shown in Fig.4 were cut from each laminate individually for flexural strength and modulus. The geometry was based on the recommendation of ASTM D790 [11] , Bending tests were performed at a crosshead speed of 0.85 and 12.0mm/min for flexural strength and modulus measurement respectively. Load data were collected by means of the computer system, and flexural strength, modulus and maximum deflection were evaluated. 
where ξ -α/W, and F(a/W) is nearly equal to 1.0 when ξ is minute. CCT tests were conducted at a crosshead speed of 0.5mm/min.
Fibre Direction Τ Crack Length 2a=6mm
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Observation of fracture aspects
After axial tensile tests for each unidirectional CFRP laminate, all of the fragments were carefully collected and used for fracture mode characterisation. After axial compressive and CCT tests, the fracture surfaces were observed by a scanning electron microscope (JSM-5200, JE OL Ltd.). Prior to the SEM examination, gold was vacuum-evaporated onto each sample to get optimum resolution of the topographic features and to minimise excessive static charging by the SEM electron beam. Fig.6 shows typical stress-strain curve obtained from axial tensile test for each CFRP laminate. The slope of each curve increased according to the testing progression. The increase in the modulus of CFRP with axial strain results from the 'unwrinkling' of graphitic layers in carbon fibres during the applied axial loading [12, 13] , Axial tensile properties of each CFRP laminate were presented in Table 2 . Tensile modulus increased in the order of T700S, M40J, M50J and M60J/epoxy. In contrary, strainto-failure decreased in that order. However, tensile strength of M60J/epoxy was higher than that of M40J and M50J/epoxy. Moreover, the scatter of tensile strength (C.V.) was greatly suppressed for M60J/epoxy.
EXPERIMENTAL RESULTS
Axial Tensile Behaviour
Typical fracture aspects of each CFRP laminate after axial tensile tests were presented in Fig.7 . T700S, M40J and M50J/epoxy failed into typical two kinds of fracture modes. Relative lower strength specimens indicated straight fracture mode, in which crack propagated transversely to the fibre direction. In contrary, relative higher strength specimens showed brush-like fracture mode with many splitting cracks along the fibre direction. M60J/epoxy showed only the brush mode. It was seen that all of the materials 
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Vol. 5, Nos. 3-4, 1996 whose C.V. of tensile strengths were more than 10% displayed plural fracture modes, and the other showed a single mode. There was a close relationship between the strength scattering and the fracture mode in axial tensile test. Table 3 . Compressive modulus increased in the order of T700S, M40J, M50J and M60J/epoxy. In contrary, strain-to-failure decreased in that order as well as axial tensile test. However, compressive strength of M40 J/epoxy was the highest and the scatter of compressive strength (C.V.) was greatly suppressed for this material.
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Axial Compressive Behaviour
Strain (%)
Typical stress-strain curves in axial compressive tests. Vol. 5, Nos. [3] [4] 1996 
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Fracture aspect of each CFRP laminate after axial compressive test was observed by eye in the first place. Typical two kinds of fracture mode, that is, 'shear mode' and 'transverse mode' shown in Fig.9 appeared. The shear mode showed fracture surface at an angle of about 45' to the fibre direction. The transverse mode indicated fracture surface at right-angles to the fibre axis. Strength data from each type fracture specimen were plotted onto the accumulative probability distribution curve using Weibull distribution function for each CFRP laminate as shown in Fig. 10 . It was found that the percentage of each fracture mode varied for each CFRP laminate. Regards to T700S/epoxy, most of specimens showed the shear fracture mode. In contrary, quite a few specimens with relatively low strengths showed the shear mode in M40J/epoxy. In M50J/epoxy, more specimens showed the shear fracture mode rather than M40J/epoxy. Most of the shear fractured specimens were positioned at lower strength range. Regarding to M60J/epoxy, most of the specimens indicated the shear mode as well as T700S/epoxy. Note that M40J/epoxy which resulted in the narrow width Weibull distribution curve almost failed into the transverse fracture mode. The width of the distribution curve means the strength data scattering. The scatters of axial compressive strengths (C.V.) were presented with the percentage of each fracture mode in Table 4 for each CFRP laminate. Regards to T700S/'epoxy, most of specimens (76.4%) showed the shear fracture mode. C.V. of compressive strength was 10.8%. In contrary, quite a few specimens (10.5%) indicated the shear fracture mode for M40J/epoxy. The scatter of compressive strength was also suppressed in this material. In M50J/epoxy, more specimens (21.6%) showed the shear fracture mode rather than M40J/epoxy, and C.V. was also increased. In M60J/epoxy, most of the specimens showed shear mode. C.V. of compressive strength was slightly decreased compared to M50J/epoxy. From these results, it can be deduced that the increase of the compressive strength scattering was yielded due to the occurrence of the shear fracture mode. However, when most of specimens showed the shear mode, the scatter was rather suppressed because the fracture mode was unified. It can be
Shear mode
Transverse mode 
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said that compressive strength data of shear fractured specimens reduced the mean value and affected the scatter of axial compressive strength. Fig. 11 to Fig. 14 present SEM photographs of compressive fracture aspects for each CFRP laminate. T700S/epoxy showed flat shear surface covered by matrix resin. These aspects are typical matrix shear fracture. There was no evidence of interfacial fracture in this material. In M40J/epoxy, 'stepped' fracture surface was detected. The mechanism that caused the 'stepped' fracture surface is believed to be the following. The fibre compressive failures are initiated at one plane. At certain locations of this plane, longitudinal interfacial failure occurs if the interfacial adhesion is poor. As a result, the side constraints around fibres are reduced and the failure path is diverted from one plane to the other and thus the fibre compressive failures occur in a different plane resulting in a 'stepped' fracture surface [18], At higher magnification, interfacial debondings were certainly observed in this material. Matrix fracture region was also detected. Fibre fracture surfaces implied that the fibres had been subjected to axial compression. In M50J/epoxy, 'stepped' fractures appeared as well as M40J/epoxy. However, the fracture surface was not covered by matrix resin and many interfacial debondings were detected. Fibre fracture surface mainly showed microbuckling failure in which tensile and compressive failure region coexisted. Moreover, some fibres showed shear fracture surfaces. M60J/epoxy showed many 'stepped' fracture surfaces and interfacial fractures as well as M50J/epoxy. At the interfacial debonding region, microbuckled fibres with multiple fractures appeared. It means that the fibres were subjected to microbuckling with large amplitude of waviness. The fibre fracture surfaces mainly resulted in shear fracture. Fig. 15 shows typical stress-deflection curve obtained from 3-point bending test for each CFRP laminate. The slope of each curve increased according to the testing progression at the beginning of the testing. However, in contrary, the slope tended to decrease at the end of the testing. Final failure occurred in the compressed side for all specimens.
Flexural Behaviour
Flexural properties of each CFRP laminate were presented in Table 5 . Flexural modulus increased in the order of T700S, M40J, M50J and M60J/epoxy. In contrary, maximum deflection decreased in that order. It can be seen that scatters of flexural strengths of M40J and M60J/epoxy were well suppressed compared to T700S and M50J/epoxy. Table 6 presents mode I stress intensity factors K IC obtained from CCT tests for each laminate. The factor decreased in the order of T700S, M40J, M50J and M60J/epoxy. This means that the intralaminar fracture toughness decreased according to the improvement of the reinforcing fibre stiffness. Fig. 16 shows SEM photographs of fracture surfaces of each unidirectional CFRP laminate after CCT test. Carbon fibre surfaces became more bare in the order of T700S, M40J, M50J and M60J/epoxy. It was obvious that the fracture manner changed from matrix fracture to interfacial fracture in that order. From the values of stress intensity factors and these observation results, it was apparently shown that the interfacial strength decreased 
Intralaminar Fracture Toughness
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Stepped fracture surface according to the improvement of reinforcing fibre stiffness. The results obtained from CCT tests suggested that the improvement of reinforcing fibre stiffness resulted in the degradation of interfacial property in CFRP. It is known that the improvement of carbon fibre stiffness can be accomplished by increasing heat treatment temperature for graphitisation process during the manufacturing. It causes more alignment of hexagonal crystalline chains in the carbon fibre. However, this procedure also causes an 
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T700S/epoxy
increase of graphite area in the carbon fibre surface. The surface becomes more stable in a chemical meaning, so that the interfacial adhesive between the carbon fibre and epoxy resin is degraded [12] , This fact can demonstrate the above mentioned results sufficiently.
DISCUSSION
Axial Tensile Fracture Mechanism
The degradation of interfacial property by the improvement of carbon fibre stiffness also affected on axial tensile behaviour of unidirectional CFRP laminate. M60J/epoxy which forms poor interface system resulted in high axial tensile strength and small strength scattering than any other CFRP laminate. Moreover, M60J/epoxy showed only brush-like fracture mode. In order to identify the cause of the straight and brush fracture modes in axial tensile tests, the fracture mechanisms were considered as schematically shown in Fig. 17 . In axial tensile test of unidirectional CFRP, the first fracture usually occurs in a carbon fibre, because its strain-to-failure is quite lower than that of matrix resin [7] , Next, the first fracture can propagate into matrix or interface. If the crack propagates into matrix, the fracture mode is resulted in the brittle straight-mode. In contrary, splitting crack into interface causes the brush-like mode. T700S, M40J and M50J/epoxy actually showed both two kinds of fracture mode. In addition, relatively lower strength specimen indicated the brittle straight mode. Therefore it was found that the mean value of axial tensile strengths of these materials were decreased due to the data of brittle straight mode specimen. The scatters of axial tensile strengths of these materials were also increased due to such low strength data. In contrary, M60J/epoxy showed only the brush-like fracture mode because the crack propagated into interface due to the poor interfacial property. Consequently, this material indicated high axial tensile strength and small scatter of axial tensile strength compared to other materials.
Axial Compressive Fracture Mechanism
It was found that compressive strength data of shear fractured specimens reduced the mean value and affected the scatter of axial compressive strength for each unidirectional CFRP laminate. In SEM observations, matrix shear fracture was dominant in lower stiffness fibre and strong interface system such as T700S/epoxy. In higher stiffness fibre and poor interface system, 'stepped' fracture surface including interfacial debonding was observed. Fibre fracture surfaces implied that the fibres had been subjected to microbuckling or shear fracture for M50J and M60J/epoxy. In the highest stiffness fibre system (M60J/epoxy), microbuckled fibres showed large amplitude of waviness. From these results, axial compressive fracture mechanism for unidirectional CFRP laminates can be considered as follows. Regarding to lower stiffness fibre and strong interface system such as T700S/epoxy (Fig. 18) , carbon fibres were subjected to microbuckling due to the lack of stiffness. Next the first crack occurred in a carbon fibre and it propagated into matrix resin. The subsequent crack direction was dependent on the amplitude of microbuckling waviness. Therefore the crack further propagated into matrix resin at an inclined angle to the loading direction and matrix shear fracture aspect appeared. Regards to higher stiffness fibre and poor interface system such as M50J and M60J/epoxy 
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Behaviors of Unidirectional Carbon/Epoxy Laminates (Fig. 19) , carbon fibres were subjected to microbuckling due to the poor interface regardless of the high fibre stiffness. Next, the first crack occurred in a carbon fibre. Shear fracture of carbon fibre tended to occur in high stiffness fibre system. Therefore, the crack further propagated into interface at an inclined angle due to the fibre microbuckling phenomenon and the shear fracture of carbon fibres. At some place, the crack moved to another plane and thus stepped fracture surface appeared. Because the amplitude of fibre microbuckling waviness was large for M60J/epoxy, most of specimens indicated shear fracture mode. Considering the proposed fracture mechanisms, reinforcing fibre stiffness should be improved to prevent fibre microbuckling but suppressed to avoid fibre shear fracture and maintain interfacial property between the fibre and matrix resin under axial compressive load. From this point of view, M40J/epoxy can be regarded as the optimum material system consisted of suitably stiff fibre and interface because most of specimens resulted in transverse fracture mode.
Flexural Fracture Mechanism
It can be considered that flexural behaviour includes tensile and compressive behaviour within a specimen, therefore, the flexural behaviour can be suggested as a combination of the above discussions concerning to axial tensile and compressive behaviour. M40J/epoxy showed suppressed scatter of flexural strength. It is closely related to the axial compressive fracture mechanism where fibre microbuckling hardly occurred. Therefore M40J/epoxv which showed low compressive strength scattering resulted in the suppressed flexural strength scattering. M60J/epoxy also showed suppressed scatter in bending test. It is probably associated with the axial tensile fracture mechanism where splitting crack easily occurred within this material. The first crack occurred in compressed side propagated into tensed side over the neutral plane of the specimen and interlaminar debonding easily occurred due to the poor interfacial property for M60J/epoxy. The easy occurrence of the interlaminar debonding mode unified the flexural fracture mode and decreased the scatter of flexural strength for this material. From these discussions for M40J and M60J/epoxy, it was identified that CFRP laminate which showed low strength scattering under compressive or tensile loading would also result in suppressed scatter of flexural strength.
Guidelines on Material Design of Reliable CFRP
From the results of tensile, compressive and 3-point bending tests of unidirectional CFRP laminates, several requirements for improvement of reliability for these materials were proposed as follows.
Axial Tensile Properties
Axial tensile modulus and strain-to-failure of unidirectional CFRP laminates were closely related to each reinforcing fibre property. However, tensile strength and its scatter were determined not only by reinforcement but also interfacial property. That is to say, too strong interface system resulted in brittle fracture where no energy consumption for interfacial debonding occurred. This result caused lower tensile strength with large scatter rather than 
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Behaviors of Unidirectional Carbon/Epoxy Laminates poor interface system. However, too poor interface system would not be able to transfer the applied load from the matrix to the fibre. Therefore, requirements for improvement of the reliability for unidirectional CFRP under axial tensile load can be itemised as follows.
1). High strength carbon fibre.
2). Intermediate strength interface.
Axial Compressive Properties
Axial compressive modulus and strain-to-failure of unidirectional CFRP laminates were closely related to each reinforcing fibre property. However, compressive strength and its scatter were determined not only by reinforcement but also interfacial property. Low stiffness reinforcing fibre system resulted in fibre microbuckling and shear fracture due to the lack of fibre stiffness. The shear fracture mode affected the axial compressive strength and its scatter. High modulus reinforcing fibre system also caused similar influence due to the fibre shear fracture and the poor interfacial property. Therefore, requirements for improvement of the reliability for unidirectional CFRP under axial compressive load can be itemised as follows.
3). High strength carbon fibre. 4). Intermediate modulus carbon fibre. 5). High strength interface.
Flexural Properties
In order to attain the improved reliability for unidirectional CFRP laminates under flexural loading, combination of requirements of 1) to 5) are considered. However, final fracture in bending specimen usually occurs in compressed side, therefore, flexural properties of unidirectional CFRP are closely related to the compressive properties. From this point of view, requirements of 3) to 5) should be preferably recommended under flexural loading.
CONCLUSIONS
Mechanical behaviour of unidirectional carbon fibre/epoxy resin laminates consisted of various modulus carbon fibres were investigated. From the results of CCT tests, it was found that the interfacial property decreased according to the increase of reinforcing fibre stiffness. The difference of interfacial property affected axial tensile and compressive strengths and their scatters for unidirectional CFRP laminates. Strong interface caused low axial tensile strength and its large scatter resulting from brittle fracture mode. In contrary, poor interface caused low axial compressive strength and change of the strength scattering resulting from fibre microbuckling phenomena and shear fracture mode. Regarding to flexural behaviour, the combination of the axial tensile and compressive behaviour was able to be considered. In fact, M40J and M60J/epoxy which showed low strength scattering under compressive and tensile loading respectively resulted in suppressed scatter of flexural strength. Of course, the reinforcing fibre property significantly affected the axial tensile, compressive and flexural properties of unidirectional CFRP laminates.
From these results, guidelines on material design of reliable CFRP under various loading conditions were considered. Under axial tensile load, high strength carbon fibre and intermediate strength interface were itemised. Under axial compressive load, high strength carbon fibre, intermediate modulus carbon fibre and high strength interface were recommended. Under flexural loading, same material design as axial compressive loading would be preferably recommended because the final failure of bending specimen occurred in compressed side. It was suggested that material designers using CFRP must consider the balance of these material characteristics and loading conditions in their practical applications. However, it should also be noted that the guidelines provided in this study are specific only to the material system studied, because the surface chemistry and structure of the fibres tested would be different from other PAN-based carbon fibres such as Tenax, Celion or Hercules fibres. Experimental data storage for CFRP laminates using these fibres will also be strongly demanded.
